A 2a antagonist) 30 min before intrastriatal infusion of malonate (mitochondrial complex II inhibitor). Damage was assessed 1 week later by measuring striatal dopamine, tyrosine hydroxylase (TH), and GABA content. In mice and rats, malonate-induced depletion of striatal dopamine, TH, or GABA was potentiated by pretreatment with 1 mg/kg CPX and attenuated by pretreatment with 5 mg/kg DMPX. To determine the location of the A 1 and A 2a receptors mediating these effects, CPX or DMPX was infused directly into the striatum or substantia nigra of rats 30 min before intrastriatal infusion of malonate. When infused into the striatum, CPX (20 ng) potentiated, whereas DMPX (50 ng) prevented malonate-induced GABA loss, but up to 100 ng of CPX or 500 ng of DMPX did not alter malonateinduced striatal dopamine loss. Intranigral infusion of CPX (100 ng) or DMPX (500 ng), however, did exacerbate and protect, respectively, against malonate-induced striatal dopamine loss. Thus, A 1 receptor blockade enhances and A 2a receptor blockade protects against damage to DAergic and GABAergic neurons caused by mitochondrial inhibition. Interestingly, these effects are mediated by A 1 and A 2a receptors located in the substantia nigra for DAergic neurons and in the striatum for GABAergic neurons.
Introduction
Parkinson's disease (PD) and Huntington's disease (HD) result from the loss of nigrostriatal dopaminergic (DAergic) and striatal GABAergic medium-sized spiny projection neurons, respectively. Although the precise cause of neuronal cell death in PD and HD is unclear, inhibition of mitochondrial function may play a major role (Parker et al., 1989; Gu et al., 1996) . Understanding the mechanisms for protection of DAergic and GABAergic neurons against mitochondrial inhibition, therefore, should facilitate the development of treatments for PD and HD and may provide new insights into the causes of cell death in these disorders. In the present study, we explored adenosinergic protection of DAergic and GABAergic neurons against intrastriatal infusion of the mitochondrial complex II inhibitor malonate.
The effects of adenosine are conveyed by four G-proteincoupled receptors classified as A 1 , A 2a , A 2b , or A 3 . Several studies have found that acute treatment with A 1 antagonists enhances ischemia-induced damage to either hippocampal or retinal neurons (de Mendonca et al., 2000) . This work suggests that endogenous adenosine acting, at least in part, through A 1 receptors may function to protect neurons against toxic insults. Whether A 1 receptors exert a similar effect on nigrostriatal DAergic or striatal GABAergic neurons is unknown. Thus, one aim of the present work was to determine whether blocking A 1 receptors could enhance the susceptibility of nigrostriatal DAergic or striatal GABAergic neurons to mitochondrial inhibition. To gain insight into how decreases in A 1 signaling may exacerbate DAergic or GABAergic cell damage during mitochondrial inhibition, we also sought to identify the location of the A 1 receptors mediating this effect. Current evidence indicates that A 2a receptors may be viable targets for the treatment of PD. A 2a receptor antagonists reverse motor disabilities in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys (Grondin et al., 1999) and protect against MPTP-induced DAergic cell damage in mice (Chen et al., 2001; Ikeda et al., 2002) . It has been suggested, however, that the latter protective effect may be related to increased vesicular sequestration of 1-methyl-4-phenylpyridinium (the toxic metabolite of MPTP) (Ikeda et al., 2002) . Therefore, we examined A 2a antagonist-mediated protection of nigrostriatal DAergic neurons using malonate, a mitochondrial inhibitor that does not get transported into DAergic vesicles (L. Manzino and P. K. Sonsalla, unpublished data).
A 2a receptor blockade protects GABAergic neurons against quinolinic acid-induced excitotoxicity (Popoli et al., 2002) and attenuates 3-nitropropionic acid (3-NP) (irreversible mitochondrial complex II inhibitor)-induced deficits in striatal lesion volume (Blum et al., 2003) . There is, however, no direct neurochemical evidence showing that A 2a receptor blockade can protect GABAergic neurons against mitochondrial inhibition. Thus, we tested whether an A 2a antagonist could protect striatal GABAergic neurons against malonate treatment. To begin to understand how A 2a antagonists may protect DAergic or GABAergic neurons against mitochondrial inhibition, we also identified the location of the A 2a receptors mediating protection.
Materials and Methods
Drugs and treatment paradigms. Chemicals were purchased from Sigma (St. Louis, MO). Malonate was dissolved in water. The A 1 antagonist 8-cyclopentyl-1,3-dipropylxanthine (CPX) and the A 2a antagonist 3,7-dimethyl-1-propargylxanthine (DMPX) were dissolved in 45% (w/v) 2-hydroxypropyl-␤-cyclodextrin (␤-CD) using sonication and moderate heating. Male Swiss-Webster mice (30 -35 gm) and male Sprague Dawley rats (300 -375 gm) received intraperitoneal injection, intrastriatal infusion, or intranigral infusion of ␤-CD, CPX, or DMPX 30 min before intrastriatal infusion of normal saline or malonate. For mice, drugs were diluted with water to their final concentration in 9% ␤-CD and injected intraperitoneally at 10 times their body weight. Rats received intraperitoneal injection of drugs in 45% ␤-CD at two times their body weight. For direct intrastriatal or intranigral infusion, drugs were diluted with water to their final concentration in 10% ␤-CD. Systemic and intracranial doses of CPX and DMPX used in the present study are known to have selectivity for A 1 and A 2a receptors, respectively, in the brain (Janusz and Berman, 1993; Phillis, 1995; Reggio et al., 1999; Chen et al., 2001) .
Stereotaxic surgery and drug infusions. Surgeries and drug infusions in mice and rats were performed in accordance with previously developed models (Zeevalk et al., 1997; Moy et al., 2000) . Cannulas were implanted just above the left striatum or substantia nigra 3-5 d before drug treatment. For mice, needle tip placement coordinates corresponded to those in the atlas of Slotnick and Leonard (1975) as follows: anteroposterior, 0.6; lateral, 2; dorsoventral, 3.5. Malonate (6 mol) was delivered by manually injecting 2 l of 3 M malonate over 1 min.
For rats, needle tip placement coordinates corresponded to those in the atlas of Paxinos and Watson (1986) as follows: striatum, anteroposterior, Ϫ0.26; lateral, 3.4; dorsoventral, 5.3; nigra, anteroposterior, 5.3; lateral, 2.4; dorsoventral, 8.4 . Malonate (3 mol) was delivered by infusing 1 l of 3 M malonate over 2 min using an infusion pump (Stoelting, Chicago, IL). Concentrated solutions of CPX and DMPX were delivered similarly. The different amounts of malonate used in mice and rats reflect different sensitivities of these animals to malonate-induced damage (Albers et al., 1996; Zeevalk et al., 1997) .
Striatal dopamine and GABA measurements. Striatal dopamine and GABA levels were measured 1 week after drug treatment using HPLC with electrochemical and fluorescent detection, respectively, as described previously (Sonsalla et al., 1987; Zeevalk et al., 1997) . In rats, the striatum was subdivided into ventral, medial, and dorsal sections as detailed previously , and each section was analyzed separately. In accordance with needle tip placement, only medial or dorsal sections of the striatum were damaged by malonate.
The right striatum from animals receiving intraperitoneal injections served as the ␤-CD control or to control for the effects of CPX or DMPX alone (see Figs. 1, 2). For animals receiving intrastriatal or intranigral infusion of CPX or DMPX, the right striatum from animals treated with malonate only served as the untreated control (see Figs. 3, 4) . Treatment with ␤-CD (intraperitoneal, intrastriatal, or intranigral) had no effect on neurochemical measurements made 1 week after injection (data not shown).
Determination of striatal TH content. Tyrosine hydroxylase (TH), a marker for DAergic terminal degeneration, was measured using an ELISA similar to that described by Reinhard and O'Callaghan (1991) . Ninety-six well microtiter plates (Thermo Labsystems, Franklin, MA) were incubated overnight at 4°C with monoclonal anti-TH (1:500; Calbiochem, San Diego, CA) in 8 mM sodium phosphate, 2 mM potassium phosphate, and 0.14 M sodium chloride, pH 7.4 (PBS). Wells were washed four times with PBS and then blocked for 1 hr using 5% (w/v) Carnation (Nestlé, Glendale, CA) nonfat dry milk in PBS. Striatal tissue samples were homogenized by sonication in PBS-0.5% Triton X-100 (PBST) with 0.25% (w/v) sodium lauryl sulfate. Purified TH protein (Cell 2 Cell, San Clemente, CA) was used to establish a standard curve. Samples and standards were incubated for 1 hr at room temperature, washed four times with PBST, and then incubated for 1 hr with both polyclonal anti-TH (1:500; Calbiochem) and polyclonal anti-rabbit horseradish peroxidase (HRP) (1:3000; Amersham Biosciences, Piscataway, NJ) in blocking solution. After washing four times with PBST, wells were incubated with Amplex Red (Molecular Probes, Eugene, OR) HRP substrate according to the protocol of the manufacturer. Reaction product was measured fluorometrically within the linear range of detection (excitation:emission ratio of 530:580 nm). Controls in which the monoclonal primary TH antibody, polyclonal secondary TH antibody, or tissue samples were omitted were not above background levels (data not shown).
Statistical analysis. Results were analyzed by one-way ANOVA with Newman-Keuls post hoc test using Prism software version 3.0 (GraphPad, San Diego, CA).
Results

Adenosine A 1 receptor blockade potentiates the damage to DAergic and GABAergic neurons caused by intrastriatal infusion of malonate
We have shown previously that intrastriatal infusion of malonate dose-dependently damages DAergic neurons in mice and both DAergic and GABAergic neurons in rats as evidenced by loss of striatal dopamine and GABA content (Albers et al., 1996; Zeevalk et al., 1997) . In mice, intrastriatal malonate infusion decreased striatal dopamine levels by 45% compared with ␤-CD controls, but, as reported previously (Moy et al., 2000) , it had no effect on striatal GABA content (Fig. 1 A) . Striatal TH levels in malonatetreated mice were also reduced by 41% compared with ␤-CD controls (Fig. 1 A) . Treatment with CPX (0.25 mg/kg, i.p.) 30 min before intrastriatal infusion of malonate had no effect on striatal dopamine or GABA levels, but CPX (1 mg/kg, i.p.) potentiated the effect of malonate and reduced striatal dopamine levels by 69%, TH content by 68%, and GABA levels by 64% compared with ␤-CD controls (Fig. 1 A) . Treatment with CPX alone had no effect on striatal dopamine, TH, or GABA levels (Fig. 1 A) .
To confirm these results, we also tested the effect of CPX in rats. Intrastriatal infusion of malonate decreased striatal dopamine and GABA levels by 34 and 29%, respectively, compared with ␤-CD controls (Fig. 1 B) . Animals given CPX (1 mg/kg, i.p.) 30 min before malonate infusion showed a 63% decrease in striatal dopamine and a 52% decrease in striatal GABA content compared with ␤-CD controls (Fig. 1 B) . CPX alone had no effect on striatal dopamine or GABA levels (Fig. 1 B) . (Fig. 2 A) . Malonateinduced toxicity was attenuated by acute pretreatment with DMPX (5 mg/kg, i.p.); compared with ␤-CD controls, dopamine levels fell by 45%, and TH levels decreased only 10% (Fig. 2 A) . In similar experiments with rats, intrastriatal infusion of malonate reduced striatal dopamine levels by 68%, and pretreatment with DMPX attenuated this loss (Fig. 2B) . DMPX alone had no effect on striatal dopamine or TH levels in mice ( Fig. 2A) or on dopamine content in rats (Fig. 2B) .
A 2a receptor blockade can reduce the deficits in striatal lesion volume caused by systemic administration of 3-NP (Blum et al., 2003) . Although this work suggests that A 2a receptor blockade can protect GABAergic neurons against mitochondrial inhibition, this has not been measured directly. Because malonate by itself had no effect on striatal GABA levels in mice (Fig. 1 A) , these experiments were performed in rats. Intrastriatal infusion of malonate decreased striatal GABA levels by 27% compared with ␤-CD controls. Acute pretreatment with DMPX (5 mg/kg, i.p.) completely blocked malonate-induced GABA loss (Fig. 2 B) . DMPX alone had no effect on striatal GABA content (Fig. 2 B) .
Adenosinergic effects on malonate-induced damage to GABAergic and DAergic neurons occur through receptors located in the striatum and substantia nigra, respectively
To begin to understand how A 1 and A 2a receptor blockade modulates the damage caused by intrastriatal infusion of malonate, we sought to identify the location of the receptors mediating these effects. To test the role of striatal A 1 and A 2a receptors, ␤-CD (10%, vehicle), CPX, or DMPX was infused directly into the striatum 30 min before intrastriatal infusion of malonate. Treatment with either 20 or 100 ng of CPX did not alter the effect of malonate on striatal dopamine levels (20 ng; data not shown), but 20 ng of CPX potentiated malonate-induced GABA loss (Fig. 3A) . Similarly, intrastriatal infusion of 50, 200, or 500 ng of DMPX did not attenuate malonate-induced striatal dopamine loss (50 and 200 ng; results not shown), but 50 ng of DMPX completely blocked malonate-induced GABA loss (Fig. 3B) . Intrastriatal infusion of 20 ng of CPX or 50 ng of DMPX with intrastriatal infusion of saline had no effect on striatal GABA levels (data not shown).
To test whether A 1 and A 2a receptors in the substantia nigra could protect DAergic neurons against striatal energy impairment, animals were given an intranigral infusion of 10% ␤-CD, CPX, or DMPX 30 min before intrastriatal malonate infusion. Treatment with 20 ng of CPX had no effect on malonate-induced striatal dopamine loss (data not shown), but 100 ng of CPX potentiated dopamine loss (Fig. 4 A) . Intranigral infusion of 50 ng of DMPX did not protect against malonate-induced depletion of striatal dopamine (data not shown), but 500 ng of DMPX attenuated the effect of malonate (Fig. 4 B) . Intranigral infusion of 100 ng of CPX or 500 ng of DMPX with intrastriatal infusion of saline had no effect on striatal dopamine levels (data not shown).
Discussion
We present the findings that pharmacological blockade of adenosine A 1 receptors exacerbates the damage to nigrostriatal DAergic and striatal GABAergic neurons caused by intrastriatal infusion of malonate and that blockade of A 2a receptors protects against damage in this model. We have also shown that these effects are mediated through A 1 and A 2a receptors located in the striatum for GABAergic neurons and, although actions of malonate occur in the striatum, it is A 1 and A 2a receptors in the substantia nigra that mediate these effects on DAergic neurons. These results support a therapeutic potential for A 2a antagonists in the treatment of PD or HD and lend insight into the mechanism by which A 1 and A 2a receptors modulate the damage to DAergic and GABAergic neurons caused by mitochondrial inhibition. Furthermore, our results suggest that decreases in A 1 signaling may enhance the susceptibility of DAergic and GABAergic Figure 1 . Blocking A 1 receptors potentiates malonate-induced damage to DAergic and GABAergic neurons. A, In mice, malonate-induced (6 mol) depletion of striatal dopamine and TH levels was potentiated by pretreatment with CPX (1 mg/kg, i.p.). Striatal GABA levels were unaffected by malonate treatment, but mice that received both CPX (1 mg/kg, i.p.) and malonate showed a marked decrease in striatal GABA levels. For dopamine, TH, and GABA analysis, n ϭ 10 -13, 8 -10, and 4 -7 mice, respectively. B, In rats, malonate-induced (3 mol) depletion of striatal dopamine and GABA levels was potentiated by pretreatment with CPX (1 mg/kg, i.p.). Dorsal striatum, n ϭ 6 -10 rats for dopamine and n ϭ 3-4 rats for GABA. CPX alone had no effect on striatal dopamine, TH, or GABA levels in mice or rats. Mean Ϯ SEM; a p Ͻ 0.05 versus ␤-CD; b p Ͻ 0.05 versus malonate. IP, Intraperitoneal.
neurons to toxic insults. This finding may provide new insight into the potential causes of neuronal cell death in PD or HD.
Relevance of A 1 and A 2a receptor blockade to neurodegenerative disease
The role that A 1 receptors may play in the etiology of PD or HD has received little attention. Results from the present study, however, raise the possibility that decreases in A 1 signaling could contribute to the development of PD or HD by making DAergic or GABAergic neurons more vulnerable to toxic insults, oxidative stressors, or injury. A decrease in A 1 signaling might result from genetic mutations, as has been suggested to occur in familial obesity (LaNoue and Martin, 1994), or could be related to aging. An age-related decline in A 1 signaling occurs in both the striatum and hippocampus (Jin et al., 1993; Corsi et al., 1997) , where A 1 -mediated inhibition of neurotransmitter release was shown to be reduced in aged rats compared with young rats. Interestingly, aging appears to increase the susceptibility of nigrostriatal DAergic and striatal GABAergic neurons to the damage caused by malonate or quinolinic acid treatment (Beal et al., 1993; Figueredo-Cardenas et al., 1997) . Whether these effects could be related to changes in A 1 signaling and whether A 1 signaling has a role in PD or HD remain to be tested.
Defects in mitochondrial function have been detected in PD and HD patients (Parker et al., 1989; Gu et al., 1996) and may contribute to cell death in these diseases. Our results show that acute, prophylactic treatment with an A 2a receptor antagonist can protect DAergic and GABAergic neurons against the damage caused by mitochondrial inhibition and support the idea that A 2a antagonists may be useful treatments for slowing cell loss in PD or HD. Effective treatments, however, must be capable of protecting DAergic or GABAergic neurons in the context of ongoing damage and progressive neuronal cell loss and must remain effective when administered chronically. Whether A 2a antagonists can protect DAergic or GABAergic neurons under these con- Figure 2 . Blocking A 2a receptors protects against malonate-induced damage to DAergic and GABAergic neurons. A, In mice, pretreatment with intraperitoneal (IP) DMPX protected against malonate-induced (6 mol) depletion of striatal dopamine and TH levels (n ϭ 12-13 mice for dopamine; n ϭ 6 -9 mice for TH). B, In rats, malonate-induced (3 mol) depletion of striatal dopamine and GABA levels was attenuated by pretreatment with intraperitoneal DMPX. Dorsal striatum, n ϭ 11-12 rats for dopamine and n ϭ 10 rats for GABA. DMPX alone had no effect on striatal dopamine, TH, or GABA levels in mice or rats. Mean Ϯ SEM; a p Ͻ 0.05 versus ␤-CD; b p Ͻ 0.05 versus malonate. Figure 3 . A 1 -and A 2a -mediated effects on GABAergic but not DAergic neurons occur through receptors located in the striatum. A, Intrastriatal infusion of CPX had no effect on malonateinduced depletion of striatal dopamine levels but potentiated the effect of malonate (3 mol) on striatal GABA content. Dorsal striatum, n ϭ 5-6 rats for dopamine; medial striatum, n ϭ 7-8 rats for GABA. B, Intrastriatal infusion of DMPX did not protect against malonate-induced dopamine loss but completely blocked GABA loss. Medial striatum, n ϭ 6 rats for dopamine and n ϭ 5-6 rats for GABA. Mean Ϯ SEM; a p Ͻ 0.05 versus ␤-CD; b p Ͻ 0.05 versus malonate. Cntrl, Untreated control. ditions remains to be tested in chronic animal models of PD and HD.
Potential mechanism for A 1 -and A 2a -mediated effects on malonate-induced damage to DAergic and GABAergic neurons A 1 and A 2a receptors are expressed throughout the brain, including the striatum and substantia nigra (Fastbom et al., 1986; Johansson and Fredholm, 1995) . Our results demonstrate that blocking A 1 and A 2a receptors in the striatum exacerbates and protects against, respectively, malonate-induced damage to GABAergic neurons. These effects are likely to occur through A 1 -mediated stimulation and A 2a -mediated inhibition of striatal glutamate signaling. Using in vivo microdialysis, Messam et al. (1995) demonstrated that intrastriatal infusion of malonate increases extracellular glutamate levels in the striatum. Malonateinduced damage to striatal neurons is also potentiated by coadministration of NMDA (glutamate NMDA receptor agonist) and attenuated by cotreatment with the NMDA receptor antagonist MK-801
[(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate] (Maragos and Silverstein, 1995; Zeevalk et al., 2000) . Whether blockade of A 1 or A 2a receptors in the striatum can potentiate or inhibit, respectively, malonate-evoked glutamate release in the striatum is unknown. Current evidence, however, supports such a mechanism. Previous work has shown that blocking presynaptic A 1 receptors in the striatum increases excitatory neurotransmission to GABAergic neurons (Flagmeyer et al., 1997) , and that blocking A 2a receptors protects striatal neurons against quinolinic acid-induced damage by inhibiting presynaptic glutamate release (Popoli et al., 2002) .
Interestingly, the effects of CPX and DMPX on malonateinduced damage to DAergic neurons were found to occur through receptors located not within the striatum but rather within the substantia nigra. Although these effects may reflect a direct action on DAergic neurons, A 1 and A 2a receptors have not been detected on these cells (Alexander and Reddington, 1989 ). An alternative possibility is that the A 1 and A 2a receptors are located on glutamatergic terminals in the substantia nigra and that modulation of malonate-induced damage occurs through A 1 -mediated stimulation and A 2a -mediated inhibition of glutamate release. In fact, striatal energy impairment appears to damage DAergic neurons, at least in part, through stimulation of glutamate signaling in the substantia nigra. Elimination of glutamatergic afferents to the substantia nigra by subthalamic nucleus ablation has been found to protect DAergic neurons against intrastriatal infusion of 3-NP (Nakao et al., 1999) . Our laboratory has also found that intrastriatal infusion of malonate increases extracellular glutamate levels in the substantia nigra, and that blocking nigral NMDA receptors protects DAergic neurons against intrastriatal infusion of malonate (P. D. Alfinito and P. K. Sonsalla, unpublished data). Whether A 1 or A 2a receptor blockade can stimulate or inhibit, respectively, malonate-evoked glutamate release in the substantia nigra is currently under investigation in our laboratory. This effect seems possible, however, because A 1 receptors have been shown to regulate electrically evoked glutamate release in the substantia nigra (Shen and Johnson, 1997) .
Nonspecific mechanisms of protection, such as blocking transporter-mediated uptake of malonate (Hassel et al., 2002) , are not likely, because CPX, a methylxanthine with a structure similar to that of DMPX, was found to potentiate but not protect against malonate-induced damage, and because in some experiments, effects of CPX and DMPX were still observed when these drugs were infused into a different region of the brain than malonate.
